See Editorial by Nagueh BACKGROUND: Acute and chronic effects of cardiac resynchronization therapy (CRT) on pulmonary pressures, right ventricular function, and ventricular-vascular coupling during exercise are insufficiently understood. Yet, these factors are strongly associated with functional status and outcome.
C
ardiac resynchronization therapy (CRT) improves morbidity and mortality in selected heart failure patients with reduced ejection fraction. [1] [2] [3] [4] [5] An important mechanism by which CRT induces its salutary effects is the ability to induce beneficial structural cardiac changes of the left ventricle (LV) and associated changes in left atrial function/morphology and mitral regurgitation (MR), 6, 7 collectively termed reverse remodeling. 6 Less attention has been directed to the evaluation of the effect of CRT on the right ventricle (RV) and its interaction with the pulmonary circulation. Nevertheless, both RV function and pulmonary pressures are important predictors of functional status and outcome in heart failure. 8, 9 Retrospective analysis of major CRT trials has shown a reduction in systolic pulmonary artery pressures (SPAPs) at rest and a variable degree of improvement in metrics of RV function after CRT implant. [10] [11] [12] However, evaluation of the RV and the pulmonary circulation at rest fails to adequately comprehend the intricate cardiovascular reserve function during different loading conditions. 13 Indeed, assessing pulmonary and RV hemodynamics during exercise allows for an in-depth analysis of hemodynamic alterations, which correlates remarkably well with symptoms of functional limitation. 14, 15 Such comprehensive evaluation of the effect of CRT on RV function and pulmonary circulation during exercise has never been performed. The goal of our analysis was to investigate the acute and chronic effects of CRT on the pulmonary circulation, the RV and its ventricular-arterial coupling during rest and exercise, as well as their relationship with exercise performance.
METHODS

Study Population
Consecutive patients referred to Ziekenhuis Oost-Limburg for CRT implant were screened between February 2012 and August 2013. Inclusion criteria were symptomatic heart failure patients with reduced ejection fraction with an indication for CRT implant as formulated by the European Society of Cardiology guidelines. 16 In brief, all patients had a baseline LV ejection fraction <35% despite optimal medical therapy and a QRS duration >120 ms. 16 The choice between CRT pacemaker and CRT defibrillator was individualized based on the presumed risk for sudden cardiac death, as published previously. 17 Exclusion criteria for the current study were (1) a recent myocardial infarction (<6 months), (2) an orthopedic comorbidity precluding cardiopulmonary exercise testing (CPET), and (3) inability to provide written informed consent. Biventricular devices were implanted as previously described. 18 The LV lead was positioned using the transvenous approach in a coronary sinus branch in posterolateral position with fluoroscopic confirmation. All patients underwent optimization of the atrioventricular and interventricular interval the day after implantation. Medical heart failure therapy was further optimized before discharge as published previously. 19, 20 All patients provided written informed consent. The study was approved by the local ethical committee, and the manuscript was drafted according to the STROBE statement (Strengthening The Reporting of Observational studies in Epidemiology.) for observational studies. 21 The study data and analytic methods will be made available to other researchers after specific request to the first author.
Cardiopulmonary Exercise Imaging Protocol
Exercise imaging combined with CPET was performed using a commercially available system (Philips, IE33) just before CRT implant, the day after CRT implant (after atrioventricular and interventricular optimization), and at 6-month follow-up. First, an extensive echocardiographic evaluation was performed at rest. Afterward patients performed a symptom-limited CPET on a tiltable cycle ergometer. A standardized ramp protocol was performed in semisupine left-sided position. After a 3-minute adaptation period at no workload, the workload was increased with 20 W every 3 minutes. Blood pressure, ECG analysis, and ventilatory gas exchange were performed continuously throughout the entire exercise protocol. Peak Vo 2 and respiratory exchange ratio was expressed as the highest 10 s averaged sample obtained during the final 20 s. All patients were encouraged to perform a maximal exercise test with all patients achieving a respiratory exchange ratio >1.1. Echocardiographic images of parasternal and apical projections were performed at every ramp increase. Loop registration of at least 5 s was used to overcome the expected decrease in acoustic quality caused by hyperventilation. A peak exercise state for echo recording was defined as the full set of images during maximal watt increment achieved once respiratory exchange ratio was >1.1.
Image Analysis
All echocardiographic images before, immediately after, and 6 months after CRT implant during rest and exercise were stored
CLINICAL PERSPECTIVE
Cardiac resynchronization therapy (CRT) strongly affects cardiac structure and function in selected heart failure patients resulting in improved functional status and outcome. Our findings illustrate the dynamic role of CRT on pulmonary hemodynamics and right ventricular-arterial coupling, underscoring the importance of changes in pulmonary hemodynamics and its coupling to the right ventricle as a predictor of functional capacity after CRT. These findings are important, as functional status after CRT does not always mirror changes in metrics of left ventricular reverse remodeling. In addition, our findings might suggest that in a patient population with advanced and irreversible alterations in the pulmonary circulation, a diminished functional effect of CRT might be anticipated. Furthermore, in patients without functional improvement after CRT, exercise echocardiographic evaluation might help to elucidate reasons for low or absent functional improvement.
in a dedicated DICOM server for offline analysis by a single investigator (P.M.), blinded to clinical data and the timing of the echocardiogram. All measurements were averaged over at least 3 beats in case of sinus rhythm and over 5 beats in case of atrial fibrillation. Images were assessed according to established echocardiographic guidelines. 22 LV ejection fraction was determined by the biplane Simpson formula. MR was quantified as effective regurgitant orifice (ERO) using the proximal isovelocity surface area method. Patients with structural valve disease were not included in this cohort (only functional MR). Tricuspid annular plane systolic excursion (TAPSE) was measured using M mode in an apical 4-chamber image. The brightness of the M-mode image was optimized offline for optimal visualization. SPAP was estimated by Doppler echocardiography from the systolic RV to right atrial pressure gradient using the modified Bernoulli method. Right atrial pressure (determined clinically or by vena cava assessment) was added to generate SPAP. The SPAP/cardiac output (CO) ratio was calculated to determine the pulmonary vascular reserve during different loading conditions, but to allow for comparison with normal values in the literature, we calculated mean pulmonary artery pressure (MPAP) from SPAP using the Chemla formula (Data Supplement), as values are typically reported using MPAP and not SPAP. 23 Global longitudinal strain of the LV was determined by 2-dimensional speckle-tracking analysis. The endocardial border was traced in an end-systolic frame from an apical 4-and 2-chamber view. Speckles were tracked frame-by-frame in basal, mid, and apical segments. Global longitudinal strain was the average of the peak longitudinal strain across the 12 segments. All analysis was performed offline using image arena (TomTec Imaging Systems GMBH, Unterschleissheim, Germany).
Statistics
Continuous variables are expressed as mean±SD if normally distributed or median (interquartile range) if non-normally distributed. Normality was checked by the Shapiro-Wilk statistic. Categorical data were expressed as numbers and percentages. Continuous variables were tested in a paired fashion use the paired t test. Relationship between 2 continuous normally distributed variables was assessed using the Pearson correlations. A linear regression model was built to determine the predictors of RV-arterial coupling during exercise at 6 months. Biologically, it was predicted that metrics of residual mitral insufficiency at peak exercise (ERO), metrics of LV systolic function (S′, LV ejection fraction, and global longitudinal strain, all at peak exercise) and LV diastolic function (E, e′, and Deceleration time, all at peak exercise), determined RV-arterial coupling at 6 months. To generate a parsimonious model without collinearity, only 1 predictor for diastolic and systolic function was input in the linear regression model. The choice of the predictor was based on assessment of the strength of the correlation, with the variable with the strongest correlation being input into the model. A step forward process was used to determine the independent contribution. The individual contribution of each predictor was reported as standardized β coefficient to allow individual comparison of the weight of the predictor. The overall adjusted R 2 was reported with each imputation in the step forward linear regression model to determine how much of the biological variability was explained by the predictors. Statistical significance was always set at a 2-tailed probability level of <0.05. Statistics were performed using SPSS version 22 (IBM, Chicago, IL).
RESULTS
Baseline Characteristics
Over a period of 18 months, a total of 33 patients were prospectively included. However, 2 patients were excluded because of poor image quality. Therefore, the final study population consisted 31 patients. Baseline ACE indicates angiotensin-converting enzyme; ARB, angiotensin receptor blocker; BSA, body surface area; COPD, chronic obstructive pulmonary disease; CRT, cardiac resynchronization therapy; CRT-D, cardiac resynchronization therapy -defibrillator; CRT-P, cardiac resynchronization therapy -pacemaker; DBP, diastolic blood pressure; GFR, glomerular filtration rate; LBBB, left bundle branch block; MRA, mineralocorticoid receptor antagonist; NT-proBNP, N-terminal pro-B-type natriuretic peptide; NYHA, New York Heart Association; and SBP, systolic blood pressure. characteristics are reflected in Table 1 and are indicative of a heart failure patients with reduced ejection fraction population undergoing CRT. Baseline echocardiographic features at rest and during exercise before CRT implant are reflected in Table 2 (left).
Acute and Chronic Effects of CRT on Cardiopulmonary Hemodynamics
Serial changes in echocardiography parameters at rest and during exercise, before, immediately after, and 6 months after CRT are reflected in Table 2 . CRT results in an acute reduction in inter-and intraventricular dyssynchrony, which was maintained during follow-up (Table I in the Data Supplement). Figure 1A and 1B illustrates the acute and chronic effect of CRT on MR and pulmonary pressures. After CRT implant, biventricular pacing results in an acute drop of ERO and SPAP at rest. No acute reduction was seen in ERO during exercise, whereas SPAP during exercise was acutely reduced. A representative image, illustrating the effect of CRT on MR, is reflected in Figure 2 . However, as SPAP is flow dependent, correction for CO is necessary (Table 2) , which resulted in an acute drop in SPAP/CO ratio at rest after initiation of CRT (P=0.007), but not during exercise (P=0.411; Figure 3 ). Once reverse remodeling has occurred (chronic CRT effect), a drop in exercise-induced MR and pulmonary hypertension occurs. A chronic CRT effect but not an acute CRT effect resulted in a lower slope of the relationship between SPAP and CO ( Figure 3 ). The slope of the relation between SPAP and CO is indicative of the pulmonary vascular reserve; however, normal values are typically reported for MPAP. After recalculation of MPAP from SPAP using the Chemla formula (Data Supplement), 23 acute CRT did not result in a lower slope of MPAP/CO (pre_CRT=3.4±1.1 versus immediately post-CRT=3.8±2.5 mm Hg·L ; P=0.002). The E/e′ ratio during exercise exhibited a similar timing of improvement, showing only a reduction in the ratio late and not early after CRT (Table 2 ). Figure 1C illustrates the dynamic effects of CRT on RV function expressed as TAPSE. CRT did not result in an acute or chronic change in RV function at rest, which was relatively preserved from the beginning. However, chronic CRT resulted in improved RV function during exercise which was not apparent immediately after CRT implant. To further investigate the coupling of the Comparison was done between before CRT vs immediately after CRT and immediately after CRT vs 6 mo after CRT using the paired t test for both rest and exercise values. CO indicates cardiac output; CRT, cardiac resynchronization therapy; Dt, decelaration time; ERO, effective regurgitant orifice; GLS, global longitudinal strain; LVEDV, left ventricular end diastolic volume; LVEF, left ventricular ejection fraction; LVESV, left ventricular end systolic volume; MR, mitral regurgitation; SPAP, systolic pulmonary artery pressure; SV, stroke volume; and TAPSE, tricuspid annular plane systolic excursion.
*The unit of SPAP/CO is mm Hg L −1 min −1
. CO was determined by the LVOT-stroke volume formula given the presence of residual MR RV to the pulmonary circulation, TAPSE was indexed for SPAP. This ratio has been shown to noninvasively assess the ratio of RV end-systolic elastance (E es =TAPSE) and pulmonary circulation arterial elastance (E a =SPAP). The E es / E a ratio is the established standard for evaluating ventricular-arterial coupling. 9, 24 Figure 1D illustrates the acute 
Figure 2. Representative images illustrating the dynamic effect of cardiac resynchronization therapy (CRT) on mitral regurgitation (MR).
CO indicates cardiac output; and SPAP, systolic pulmonary artery pressure.
and chronic effect of CRT on RV-arterial coupling during rest and exercise. At rest, ventricular-arterial coupling is preserved in all patients and not influenced by CRT. Only during exercise did RV-arterial uncoupling became apparent. After the initiation of biventricular pacing, no acute effect was seen on RV coupling during exercise. However, chronic biventricular pacing resulted in improved RV-arterial coupling as evidenced by the increased TAPSE/ SPAP ratio, paralleled by beneficial remodeling of the RV (decrease in RV base width, Table 3 .
RV-Arterial Coupling and Exercise Performance After CRT
As functional status after CRT not always neatly tracks with metrics of LV reverse remodeling, the relationship between CPET measurements and exercise ERO, SPAP, TAPSE, and TAPSE/SPAP ratio 6 months after CRT was studied, which is reflected in Table 4 . The TAPSE/SPAP ratio exhibited the strongest correlation with exercise capacity as analyzed by CPET. Table 5 illustrates the multivariate predictors which associate with the TAPSE/SPAP ratio during exercise 6 months after CRT implantation. The metric evaluating residual exercise MR and diastolic and systolic function during exercise with the strongest correlation with TAPSE/SPAP ratio was used for the linear regression model (deceleration time for diastolic function and S′ for systolic function). In a multivariate model, ERO, medial S′, and deceleration time during exercise were independent predictors of RV-arterial coupling during exercise 6 months after CRT. As illustrated by the standardized β-coefficient, all 3 variables had a similar weight contribution. Together the 3 variables explained 62.2% of the variability of the TAPSE/SPAP ratio (adjusted R 2 =0.622). This indicates that CRT can influence the RV-arterial coupling through a dynamic interplay affecting LV systolic function, diastolic function, and MR during exercise.
Predictors of Exercise Ventricular-Arterial After CRT
DISCUSSION
Our analysis sheds light on the physiological effects of CRT on the pulmonary circulation, RV function, and its coupling during exercise. The core findings can be sum- CRT induces multiple beneficial clinical, neurohumoral, and structural cardiac changes, to a variable degree. In comparison to its effects on the LV, the impact of CRT on the RV and the pulmonary circulation remains relatively understudied. Retrospective analysis of the REVERSE (Resynchronization Reverses Remodeling in Systolic Left Ventricular Dysfunction) and the CARE-HF trial (The Cardiac Resynchronization -Heart Failure trial) showed no significant effect from CRT on RV function (at rest), measured as TAPSE. 11, 12 A retrospective analysis from the MADIT-CRT trial (Multicenter Automatic Defibrillator Implantation With Cardiac Resynchronization Therapy), however, demonstrated an improvement by CRT in the RV function (measured as RV fractional area change) and a reduction in maximal tricuspid regurgitation velocity (thus SPAP), both measured at rest. 10 However, the RV is a dynamic pump well equipped to handle variable preloads, but sensitive to static or pulsatile changes in afterload. Consequently, exercise evaluation of the pulmonary circulation and RV allows to uncover more subtle hemodynamic alterations and relates more closely to functional status. 13 The important additional information offered by exercise studies after CRT is illustrated by our study as RV-arterial uncoupling became apparent only during exercise. Furthermore, as the MR is both a strong determinant of the SPAP and is dynamic during exercise, it is clear that exercise is necessary for optimal evaluation of the RV pulmonary function. 25, 26 Our results confirm the beneficial effects of CRT on resting and exercise MR as studied by Madaric et al. 27 Although the reduction in dyssynchrony (acute effect of CRT) results in a drop in rest MR (because of increased mitral valve closing forces), LV reverse remodeling (chronic CRT effect) is needed to reduce exercise MR in the long run. Immediately after CRT, exercise will increase the tethering forces in the resynchronized nonreverse remodeled LV with recurrence of MR; however, in the reverse remodeled LV, tethering forces are much lower during exercise, resulting in a diminution of exercise MR. 28 The beneficial effect of CRT on SPAP indexed for CO, during rest, and exercise follows a similar sequence. Once reverse remodeling has occurred, the SPAP/CO ratio during peak exercise is significantly lower in comparison to immediately after CRT. This altered relationship is also illustrated in the slope between changes in SPAP in relation to changes in CO before, immediately after, and 6 months after CRT. Indeed, the slope of ΔSPAP/ΔCO is only significantly reduced in the LV that has undergone reverse remodeling after chronic CRT. The reverse remodeled LV results in less MR during exercise and lower filling pressures as illustrated by the E/e′ ratio, both reducing the upstream static and pulsatile load to the pulmonary circulation. In addition, as the heart rate response during exercise determines pulmonary pressures, it is important to underscore that peak heart rate was not different before, immediately after, or 6 months after CRT. 29 Previous studies have illustrated that a slope of ΔMPAP/ΔCO of >3 mm Hg·L −1 ·min −1 is indicative of an abnormal pulmonary vascular reserve. 30 Interestingly, chronic CRT was capable of significantly improving the pulmonary vascular reserve (slope ΔMPAP/ΔCO) to a value reported below the threshold of abnormal.
The gold standard for evaluating ventricular-arterial coupling is by means of invasively measuring the ratio of E es and effective E a . The E a is calculated as the ratio between end-systolic pressure and stroke volume, with E a thus being a measure of vascular load (including peripheral resistance, vascular compliance, and diastolic and systolic time intervals). E es describes the relation between end-systolic ventricular pressure and end-systolic ven- CRT indicates cardiac resynchronization therapy; Dt, decelaration time; ERO, effective regurgitant orifice; PISA, proximal isovelocity surface area; SPAP, systolic pulmonary artery pressure; and TAPSE, tricuspid annular plane systolic excursion. tricular volume, thereby representing ventricular performance. Both these measures are expressed in mm Hg/mL. In practice, E es indicates how much the ventricular endsystolic volume increases and stroke volume decreases in response to an elevation of end-systolic pressure. In the failing heart, E es is reduced and E a is increased, indicating ventricular-arterial uncoupling. We assessed RV-arterial coupling by analyzing the TAPSE/SPAP ratio which reflects the E es /E a ratio of the RV and pulmonary artery noninvasively. 9, 31 Furthermore, the TAPSE/SPAP ratio has been shown to excellently correlate with metrics of exercise performance measured during CPET. 9, 31 In line with the findings of the CARE-HF and REVERSE trial, CRT had little impact on TAPSE at rest in our population. 11, 12 However, the longitudinal RV function did improve during exercise after chronic CRT. The absence of an acute improvement in the exercise TAPSE/SPAP ratio implies that the beneficial effect of CRT on RV-arterial coupling spans beyond the reduction in inter-and intraventricular dyssynchrony. Indeed, our analysis points out that residual exercise MR and an improvement in the diastolic and systolic force of the LV (interventricular dependence) during exercise all relate to RV-arterial coupling during exercise after CRT. Enhanced VA coupling might be accounted for by several mechanisms. First, reversed RV remodeling after the reduction in SPAP might allow the RV to function at lower end-diastolic volume with a less spherical morphology (as illustrated by the reduction in RV base width). Clearly changes in SPAP relate to changes in the degree of MR, but also a reduction in LV end-diastolic pressure has shown to reduce the pulsatile load on the RV. 8, 32 Second, it is well recognized that systolic force of the LV determines up to 20% to 40% of the RV systolic force (systolic interventricular dependence). 33 With the latter being clearly improved by the LV reverse remodeling induced by CRT. Interestingly at the molecular level, CRT has been shown to restore the ratio of α-myosin heavy chain (MHC) to β-MHC by upregulating α-MHC. 34 This is important as the RV exposed to a chronic high afterload downregulates its α-MHC content. α-MHC has a faster contractile activity than β-MHC and is therefore an important intrinsic myocardial determined of contractile force during exercise. 35 Interestingly, the TAPSE/SPAP ratio during exercise exhibited the strongest relationship with functional status after CRT in comparison to residual exercise . However, at rest, the right ventricle remains well coupled to the pulmonary circulation (depicted as the equal E es /E a ratio before and after CRT=equal tricuspid annular plane systolic excursion [TAPSE]/systolic pulmonary artery pressure [SPAP] ratio). During exercise, uncoupling of the right ventricle (RV) becomes apparent as the lower E es 1/E a 1 ratio before CRT in comparison to after CRT (E es 2/E a 2 ratio). (*) the x axis during rest and exercise is not of the same magnitude, as stroke volume is higher during exercise than during rest. As the TAPSE/SPAP ratio is not a true measure of the E es /E a ratio, right side is only an approximation to explain the physiology effects.
MR or SPAP and TAPSE separately. Therefore, evaluating the RV-arterial coupling during exercise after CRT might offer insights into functional status, especially because functional status after CRT has been shown to not always neatly track with the degree of LV reverse remodeling.
Study Limitations
Several limitations should be addressed. First, we did not invasively record pressure-volume loops to measure E es / E a ratio as the gold standard for evaluating RV-arterial coupling. The TAPSE/SPAP ratio has been suggested as an echocardiographic determinant of E es /E a and is more practical in clinical practice. 31 However, in comparison to E es , TAPSE is not truly independent of load; therefore, the TAPSE/SPAP ratio might over account for alterations in RV loading. 36 Second, echocardiography-based measurements precluded direct measurement of pulmonary vascular resistance or diastolic pressure gradients and limited information on pulmonary vascular remodeling. Indeed, an improvement in RV-arterial coupling might only occur in the absence of extensive pulmonary vascular remodeling. We do not have this information in our population. Third, other echocardiographic metrics of the RV have been suggested for the evaluation of the contractile response to exercise of the RV, such as RV fractional area change. By protocol, we did not analyze this during exercise but chose the most used metric of TAPSE/SPAP ratio. Fourth, to allow comparison with values in the literature, we calculated the MPAP based on SPAP by the Chemla formula. However, this formula has not been validated during exercise. Nevertheless, the relation between SPAP and CO is clearly altered chronically after CRT. Finally, we studied a relative small patient population (n=31). Nevertheless, successful execution of elaborate and carefully standardized exercise protocols pre-and post-CRT in all patients resulted in a total of 93 exercise echocardiograms.
Conclusions
Chronic CRT beneficially influences pulmonary pressures and RV-arterial coupling during exercise, which strongly relates to functional status. These findings are mechanistically linked to interventricular dependence and exercise MR (and emphasize the added value of exercise echocardiography in long-term follow-up after CRT).
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